Oligonucleotide-directed mutagenesis was used to complete a collection of mutations in the -35 and -10 hexamers of the ant promoter of Salmonella phage P22. The effects of all 36 single-base-pair substitutions on promoter strength in vivo were measured in strains carrying the mutant promoters fused to an ant-lacZ gene on a single-copy prophage. The results of these assays show that certain consensus base pairs are more important than others; in general, the least-critical positions are among the most poorly conserved. Some mutations within the hexamers have smaller effects on promoter strength than certain mutations outside the hexamers in this and other promoters. Several different patterns of base pair preferences are observed. These hierarchies of base pair preferences correlate well (but not perfectly) with the hierarchies defined by the frequency distribution of base pairs at each position among wild-type promoters. The hierarchies observed in the ant promoter also agree well with most of the available information on base pair preferences in other promoters.
Comparisons of numerous a70-dependent promoters controlling chromosomal, plasmid, transposon, and phage genes in E. coli and S. typhimurium revealed two regions of conserved DNA sequence located approximately 10 and 35 bp upstream of the start site of transcription. Each region has a 6-bp consensus sequence, the -10 and -35 hexamers 5'-TATAAT-3' and 5'-TTGACA-3', respectively. Weakly conserved positions outside the hexamers have varied considerably in different compilations ( Fig. 1) (14, 15, 32) . The hexamers are separated by a spacer region with a preferred length of 17 bp. Recent genetic studies strongly suggest that both regions of the promoter are directly contacted by sigma factors (8, 11, 23, 34, 41, 47) .
Evidence that the hexamers are important determinants of promoter strength has been obtained by the analysis of promoter mutations, most of which affect base pairs within the hexamers (15) . In most cases, mutations that decrease promoter activity are changes away from consensus, while mutations that increase promoter activity are changes toward consensus. Various exceptions to this rule are discussed below. Kinetic studies of several promoters show that mutations in the hexamers affect the rate parameters for early steps in the interaction between the promoter and RNA polymerase, the formation of an initial, "closed" complex and/or isomerization to a transcriptionally active, "open" complex (18, of at least three different promoters (5, 9, 13, 22, 43 ; for reviews, see references 15 and 30) . Other single or multisite substitutions in the spacer (1, 10, 15, 30, 41a) or in the regions upstream of the -35 hexamer (10, 27, 41a, 44) or downstream of the -10 hexamer (10, 20, 21, 24, 25 ) also affect activity, at least in certain promoters. However, single-base-pair substitutions in these regions rarely have effects as dramatic as those at certain positions of the hexamers. The length of the spacer is also important, presumably for proper juxtaposition of the hexamers (2, 10, 13; for a review, see reference 15).
To elucidate the determinants of promoter activity, we have been characterizing mutations in Pant, a strong nearconsensus promoter of phage P22 ( Fig. 1 ; for a review, see reference 38). The Pant operon includes two genes: arc (antirepressor control) and ant (antirepressor) (see Fig. 2 , top). Pant is negatively regulated by the products of the flanking genes mnt and arc: Mnt protein represses Pant during lysogeny, and Arc protein turns down Pant early after infection. The Pant region also contains Pmnt, an overlapping, divergent promoter for transcription of the mnt repressor gene (Fig. 1) . Because the genetics of the ant operon provided selections for promoter down and up mutations, we previously obtained a large number of single-base-pair changes in Pant (13, 44) , most of which cluster in the hexamers. To define the base pair preferences at each of these positions, we have synthesized the remaining changes and assayed the effects of all 36 mutations on promoter strength in vivo.
MATERIALS AND METHODS
Media. Green and LB agar (37) and M9CAA (35) media have been described previously. Supplements were used at the following concentrations: ampicillin (Amp), 50 ,ug/ml; spectinomycin (Spc), 50 pug/ml; kanamycin (Kan), 10 ,ug/ml; and 5-bromo-4-chloro-3-indolyl-p-D-galactopyranoside (XGal), 30 ,ug/ml.
Plasmids. pMS420 (Ampr; 11), pMS421 (Spcr; 12), and pMS580 (Ampr; 12) have been described. The Arc-producing plasmid pMS414 (Spcr Kan) was constructed by inserting the EcoRI E fragment of P22 Kn9 (45) Figure 2 illustrates the structure of these phages, which has been described in detail previously (12 (Kan') and 9-delTB markers from the lac phage. (The 9-delTB deletion removes the P22 antigen conversion gene aJ; Al+ lysogens are somewhat resistant to superinfecting phage because a modification of the host receptor inhibits adsorption of virions.) Figure 2 illustrates how these nonimmune lysogens arise: two crossovers, one to the left of Kn6 and one to the right of 9-delTB, replace the relevant segment of the resident prophage with that of the superinfecting phage. As expected, all of these nonimmune lysogens carry the lac2 substitution. The presence of the arc-am mutation was confirmed by crossing the arc region of the defective arc-am prophage onto a P22 derivative carrying RU411 (44) , a deletion of Pant and most of the arc gene. Recombinant phages from these crosses were then tested for presence of the arc-am mutation by genetic tests (44) or by restriction analysis of phage DNA (the arc-am allele destroys a Fnu4HI site; 33). MS2909 and its derivatives carry the lacIq plasmid pMS421 for reasons unrelated to this study.
Construction of double mutants. The strategy used previously to combine the -35T-+A and -8T-bA mutations (12) was used to combine -35T--*A with -8T--*G or -8T-bC. P22 Kn6 Pant -8T-bG arc-am and Kn6 Pant -8T-->C arc-am phages were crossed with pMS813, a plasmid carrying the -35T--A mutation (Fig. 3) . Recombinant phages that acquired the -35T-*A mutation from the plasmid were selected by plating on an Su-host at 37°C. Neither the parental phage nor Pant+ recombinants form plaques under these conditions because they have the Arc-lethal phenotype; this phenotype is suppressed by the Pant, -35T+A mutation (44) . Sequence analysis of the Pant region of two candidates from each cross identified recombinants carrying both -35T-*A and either -8T---G or -8T--C. These phages were used to construct lac phages and lysogens as described above.
P-Galactosidase assays and statistical analysis. Cells were grown to mid-log phase in M9CAA medium at 37°C. Cultures were harvested, lysates were prepared, and P-galactosidase activities were assayed as described previously (11) . One lysate of each culture was assayed in duplicate or quadruplicate. The two or four measurements of specific activity C52 A32 T10 G7   A54 T24 G17C5   T82 C8 G7 A3   A89 T7 C3 G1   T52 A26 G12 C10   A59 G15 T14 C12   T89 C5 A3 G2 a P22 Pan-lac monolysogens were assayed for ,3-galactosidase activity as described in Materials and Methods. Percent activity is given relative to that of the wild-type promoter, which is 100% and equal to 852 Barrick units.
b Statistical tests used to compare activities are described in Materials and Methods. Consensus bases are in boldface type. wild-type promoters; data are from Harley and Reynolds (14) .
were averaged and converted to relative specific activity by dividing by the average specific activity of the Pan,t+ controls on the same microtiter plate. The relative specific activity of each mutant promoter was measured in this way on three to nine occasions. The mean and adjusted-sample standard deviations of the three to nine values of relative specific activity are given in Tables 1 and 2. Pairwise Student t tests were used to assess the statistical significance of differences in activity between promoters carrying mutations at the same position. In Tables 1 and 2 , the confidence interval for differences considered significant was 98%. Even if the confidence limit were reduced to 95%, no additional differences would be deemed significant. RESULTS AND DISCUSSION Twenty-one single-base-pair changes in the hexamers of Pant were previously isolated, 20 by genetic selection (13, 44) and one by oligomutagenesis (11) . We have now completed this set by constructing the remaining 15 mutations by oligomutagenesis. The relative strengths of these mutant promoters were assayed in vivo by fusing them to an ant-lacZ gene and measuring ,3-galactosidase levels produced by strains carrying the fusions on single-copy prophages (see Materials and Methods). The results of these assays are given in Tables 1 and 2 and are illustrated in Fig.  4 .
Position -8 is considered separately in Table 2 , since the analysis of changes at this position is conceptually complicated. Previous work showed that -8T--A, a change toward consensus, increases Pant activity in vivo when combined with any 1 of 10 different down mutations (12) . However, in the otherwise wild-type promoter, the -8T--*A up mutation causes a slight decrease in promoter activity. Similarly, several other strong promoters become slightly less active in vivo when changed to make both hexamers identical with consensus, even though the final change toward consensus is different for each promoter (19, 21, 28) . Such consensus promoters are defective in a late step of transcription initiation (21, 24) , suggesting that the same strong contacts with (6, 21, 36) .
To determine the hierarchy of base pair preferences at position -8, the effects of mutations at this position were examined in the presence of the down mutation -35T->A, as well as in the context of the otherwise wild-type promoter ( 
a The nine hierarchies in which the second-best base pair is unambiguous are summarized. Pairs of related patterns are grouped together (e.g., the pattem for -32, -9, and -8 is the inverse of that for -35).
are also four of the five (15) or six (14) most poorly conserved positions in the hexamers. Some of these mutations have smaller effects than some single-base-pair substitutions outside the hexamers in Pant or other promoters (see introduction).
At 11 positions, the relative activity of all three mutants is either <18% or -19%. The exception is -7, where two changes are severe and one is mild, even though this "invariant T" is one of the two most highly conserved positions in the promoter (the other is -11). In the tyrT promoter, T--A at the corresponding position is a severe down mutation, reducing promoter activity to 1.6% of wild type (3, 4) . In Pant' the mild phenotype of the -7T-A mutation might reflect its effect on an overlapping -10 hexamer (44) or on the -35 hexamer of Pmnt (see below).
Taking into account the statistical significance of our data (see Materials and Methods), we derived the hierarchies of base pair preferences shown in Tables 1 and 2 . These hierarchies are generally in good agreement with the frequency distributions of bases at each position among 263 wild-type promoters compiled by Harley and Reynolds (14; and see last column of Tables 1 and 2 Table 4 have overlapping promoters, promoterlike sequences, or activator-binding sites.
Even when the hierarchies in Pant are the same as those in other promoters, the magnitudes of the effects presented here are not expected to agree precisely with the quantitative effects of the same changes in other promoters (see above).
Even within Pant, the effect of one mutation can vary considerably when its context is changed by the presence of another mutation (Table 2) (12) . The magnitudes of the effects of Pant mutations, but not the hierarchies, also appear to vary somewhat in different host strains for reasons that are currently obscure.
